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Introduction
An exceptional geodiversity in the Earth history has been evidenced at the Paleozoic, between the two major events of continental accretion that produced Gondwana first and then Pangea (Stampfli et al. 2002; von Raumer and Stampfli 2008; Nance et al. 2010) . Thus, the Paleozoic Era begins and ends with a similar geographic configuration, in that one supercontinent is inferred both in the Neoproterozoic and in the Permian. Between the extremes of this Wilson cycle ranging over an interval of 300 million years, the supercontinent Rodinia progressively broke up into macro-microcontinents, which later further fragmented, collided, and subsequently reassembled in Pangea. This process was Manuscript received February 17, 2011; accepted October 19, 2011. * Author for correspondence; e-mail: gaggero@dipteris.unige.it.
accompanied by a complex magmatic evolution recorded by a bimodal intraplate volcanism associated with terrigenous sedimentation (Etxebarria et al. 2006; Chichorro et al. 2008; Linnemann et al. 2008) , mid-ocean ridge basalt (MORB)-type magmatism associated with lithospheric rifting and oceanization (between Cambrian and Devonian; Murphy et al. 2008 Murphy et al. , 2011 , arc magmatism during subduction and continental collision (Middle Ordovician; Sá nchez-García et al. 2003) , and postorogenic alkalic magmatism (Upper OrdovicianSilurian boundary; Ló pez- Moro et al. 2007; Keppie et al. 2008) .
In particular, the significance of the Paleozoic Rheic Ocean to the building of Laurussia and Gondwana continental blocks before the VariscanAlleghanian-Ouachita collision has been recently emphasized and its Cambrian-Paleozoic evolution analyzed and dissected along the western, central, and eastern Gondwana margins (Nance et al. 2010) .
Despite the occurrence in Sardinia of an almost complete cross section of the Variscan orogen, this segment has barely been included in comprehensive reconstructions of the precollisional history of the Variscan belt, probably due to the scarcity of geochronological and geochemical data on the Sardinian pre-Variscan basement. A set of recent U-Pb geochronological data (obtained using excimer laser ablation-inductively coupled plasma mass spectrometry; Oggiano et al. 2010) provides evidence that in Sardinia the precollisional volcanic activity along the North Gondwana margin, or in related terrane assemblages, developed in at least three stages, each stage being characterized by a different geodynamic environment: (1) a Late CambrianEarly Ordovician episode of volcanism (ca. 492-480 Ma) within a stratigraphically well-constrained Cambro-Ordovician clastic sequence, (2) Middle Ordovician calc-alkalic activity ascribed to the Dapingian-Sandbian on the basis of paleontology and now dated radiometrically at ca. 465 Ma, and (3) an uppermost Ordovician (ca. 440 Ma) volcanic event of alkaline affinity that is widespread in all the tectonic units of the Sardinian Variscides. In general, however, the various tectonic units are characterized by wide variations in these volcanic rocks in space, time, and volume, and this is typically combined with a lack of adequate age control on the associated clastic sediments. Our interest, therefore, was raised in obtaining more data, valid for reconstruction of the paleogeography and geodynamic events (rifting, breakup, drifting, accretion/hypercollision) related to the northern Gondwana margin and its derived "terranes" over a time period ranging from the Cambro-Ordovician up to the precollisional setting that gave rise to the Variscan configuration of the Mesoeuropean crust. Moreover, the petrology of Paleozoic processes is fundamental to understanding the influence on the lithospheric setting until the Alpine cycle. Diverse sectors of Sardinian Variscides were therefore studied and comparison made with adjacent paleogeographic areas.
The aim of this article is to characterize the geochemical features of the volcanic rocks in order to constrain the source region and crustal evolution, as well as the nature of the geodynamic setting.
Geological Setting

Present-Day Geological Framework of Sardinia.
The Sardinia-Corsica Microplate exhibits one of the most complete and best-preserved transects of the southern European Variscides (Casini et al. 2010) , and it can be divided into the following tectonometamorphic zones: a foreland zone in the SW, with either very low-grade or no metamorphism; a nappe zone in the SE and central parts of the island (subdivided into external and internal nappes, with several stacked tectonic units), affected by lowgrade metamorphism; and an inner zone in the north, with medium-to high-grade metamorphism ( fig. 1) .
The foreland and nappe zones are also characterized by a Middle Ordovician angular unconformity (Sardic Unconformity; Carmignani et al. 2001 , and references therein), which is also recognized in the Eastern Iberian Plate Navidad et al. 2010) . Along the southern boundary of the inner zone, an eclogite-bearing belt is exposed, which was interpreted as a suture zone (Cappelli et al. 1992; Carmignani et al. 1994) . The protolith of the eclogite has been dated at Ma; the 457 ‫ע‬ 2 high-pressure event is Devonian (Cortesogno et al. 2004; Giacomini et al. 2005; Franceschelli et al. 2007 ). These eclogites have MORB signatures and are embedded within a metapelitic-metarenaceous complex hosting also homogeneous quartzite beds (metacherts?), orthogneisses, and metabasite with high-to medium-P granulite metamorphic imprint (Franceschelli et al. 2007 ). The deformation, localized in low-strength shear zones, and the geometric association of rock bodies with different metamorphic records point to a mé lange of rocks tectonically sampled from diverse crustal levels within a channel flow, probably linked to the subduction of a lower Paleozoic ocean (Cappelli et al. 1992; Stampfli et al. 2002; von Raumer et al. 2003) .
Throughout the external nappes (Carmignani et al. 1994) , the sedimentary record and fossil content is generally preserved, and several volcano-sedimentary complexes are stacked in the nappe zone Carmignani et al. 1994;  fig. 2 ).
The Sardinia-Corsica Microplate at the CambroOrdovician Boundary. In the foreland, the preSardic sedimentary history is dominated by the deposition of epicontinental sediments (Nebida Group), including carbonate shelf deposits (Gonnesa Group), which are inferred to grade laterally into deeper siliciclastic sequences (Iglesias Group), all of which are topped by the Sardic Unconformity. The sedimentary rocks of the shelf-slope transition indicate passive continental margin conditions during the Late Cambrian-Early Ordovician (Cocozza 1979; Galassi and Gandin 1992; Pillola et al. 1995, and references therein) . Only the Capo Spartivento orthogneiss, basement of the foreland, is referred to this setting, although the error of the available date does not allow a clear age attribution (478 ‫ע‬ Ma; Delaperriè re and Lancelot 1989). 13
The pre-Sardic lithostratigraphic succession of the external nappes consists of metasandstones, phyllites, and quartzites ( fig. 2 ) affected by Variscan pumpellyite-actinolite and lower-greenschist facies metamorphism (Arenarie di San Vito). The ages of the metasedimentary deposits, based on acritarch biostratigraphy, range from Middle Cambrian to Lower Ordovician (Naud and Pittau Demelia 1987) . Interbedded in the uppermost part of the succession is a volcanic suite that predates the Sardic Uncon- Carmignani et al. 2001; Oggiano and Mameli 2006; Oggiano et al. 2010). formity ; it consists of welded rhyolitic ignimbrites ( Ma, U-Pb zircon 491 ‫ע‬ 3.5 age), trachyandesitic pyroclastic fall deposits, and dacite to trachyte lava flows ( fig. 3A ). In the Meana Sardo tectonic unit, the volcanic rocks within the pre-Sardic sequence occur as scarce epiclastic crystal-rich tuffites.
In the innermost tectonic units (Li Trumbetti, NW Sardinia), significant volumes of Early Ordovician metavolcanic rocks are preserved, despite the strong deformation and upper-greenschist facies metamorphism (Oggiano and Mameli 2006) , and they form meter-thick augen-textured metadacite and metarhyolite lava flows within metasandstones and slates of unknown age. The petrographic similarity of these volcanic rocks to the Middle Ordovician porphyroids led to mistakenly ascribe them to this younger date (Carmignani et al. 1979 ; Di Pisa and Oggiano 1984), but recent UPb dating ) has now clearly established their Early Ordovician age. This new dating also better constrains on the ages of the Cambrian-Lower Ordovician host metasedimentary rocks ( fig. 2) .
The Middle Ordovician Succession. The postSardic succession in the foreland starts with huge amounts of continental, alluvial, fan-related conglomerates (M. Argentu Formation; Leone et al. 1991; Martini et al. 1992) , and these grade upward into a trangressive sequence made up mostly of sandstone and silt of Katian-Hirnantian age. No volcanic rocks are found in this highstand episode of the post-Sardic phase.
Conversely, in various tectonic units within the nappe zone, an arc-related post-Sardic volcanic suite occurs immediately above thin metaconglomerates (metaconglomerati di Muravera) or directly on top of the pre-Sardic metamorphosed deposits. (Macdonald et al. 1974 ).
The succession of metandesites that overlies the Sardic Unconformity is associated with subordinate felsic metavolcanics, interlayered coarse meta-epiclastic rocks, and volcanoclastics (Monte Santa Vittoria Formation; Carmignani et al. 2001 ; inclusive of the Corte Cerbos, Manixeddu, and Serra Tonnai formations of Bosellini and Ogniben 1968) . In the decimeter-thick alluvial deposits of the Gerrei tectonic unit, micaceous metasandstones and mature quartz-arenites (Su Muzzioni Formation; Funedda 2000) cap the volcano-sedimentary succession, indicating high erosion rates on the volcanic edifice. In the Sarrabus, Gerrei, and Ozieri tectonic units, the end of this volcanic activity is marked by rhyolite-rhyodacite lavas, ignimbrites, and tuffs, with a combined thickness of !100 m (Porfidi grigi del Sarrabus and Porphyroid formation; Calvino 1972 In the foreland, epiclastic rocks with pebbles of alkaline metabasite (Beccaluva et al. 1981) are associated with the Hirnantian glacio-marine deposits of the San Marco Formation (Leone et al. 1991; Ghienne et al. 2000) .
The uppermost Ordovician terrigenous deposits in the external nappes are associated with dykes, sills, and basaltic lavas that locally have pillow structures. Minor layers of epiclastic volcanites crop out close to the Ordovician-Silurian boundary ( Ma; Oggiano et al. 2010 ). The alkalic 440 ‫ע‬ 1.7 volcanism is best developed in the inner nappe units ( fig. 2) , where relatively abundant sills of metadolerite, gabbroic stocks, and meta-epiclastic rocks are widespread within metasiltstones. Ages are constrained by the oolitic ironstones and diamictite associated with the Hirnantian glaciation (Oggiano and Mameli 2006) .
Petrography of the Volcanic Suites
Early Ordovician (492-480 Ma) Bimodal Volcanic Episode. In the Sarrabus Unit, the volcanic products are pyroclastites, lava flows, and welded ignimbrites. The pyroclastic fall deposits are characterized by abundant quartz fragments (porphyritic index [PI] p 6-14; Ø p 0.6-1.0 mm) in a welded tuff matrix. Millimeter-thick quartzofeldspathic laminae suggest sorting by transport. Rare plagioclase phenoclasts (An 54-65 ) do not exceed 0.3 mm in size. The lava flows have abundant quartz, plagioclase (An 35-60 ) ‫ע‬ K-feldspar as the main phenocrystic phases (PI p 8-10; Ø p 1.2-1.6 mm) in a fine-grained sericitized groundmass. Some polycrystalline quartz xenocrysts also occur. The pyroclastic fall deposits and the lava flows have been pervasively deformed and partially replaced by sericite, chlorite, and subordinate albite ϩ epidote. The welded rhyolitic ignimbrites include crystal and fiamma-rich and glassy eutaxitic facies, which are visible macroscopically as alternating bands of quartz ϩ feldspar and biotite-rich material. The crystal fragments are K-feldspar and quartz, and these are set in a silicic fine-grained and/or glassy devitrified groundmass. Quartz and K-feldspar clasts, overgrown by microcline, are cracked, and the quartz is also subrounded, possibly as a result of thermal corrosion during emplacement. The biotite is largely altered to chlorite ϩ iron oxides. The originally glassy fiammae have been transformed to flattened aggregates of microcrystalline quartz and feldspar. The very low-grade metamorphic overprint resulted in sericite replacing K-feldspar.
In the Meana Sardo Unit, rare dacite flows contain phenocrysts of plagioclase set in a dark groundmass that contains minor quartz. The internal nappes dacite and rhyolite flows are characterized by flattened augen of lobate quartz, plagioclase, and K-feldspar phenocrysts (PI p 4-5; Ø p 0.8 mm), set in a fine-grained groundmass of quartz, feldspar, and phyllosilicates. The flows stratigraphically underlie metabasites with a pervasive schistosity (e.g., the Li Trumbetti Unit). The fine-grained recrystallized groundmass of the metabasites is characterized by white mica, epidote, chlorite, Fe oxide, and aggregates of albite.
Middle Ordovician (ca. 465 Ma) Bimodal Volcanism.
In the Gerrei tectonic unit, the andesite lavas ( fig.  3B ) exhibit blasto-porphyritic to glomeroporphyritic textures with plagioclase and biotite phenocrysts set in a fine-grained groundmass. Minor secondary growths of chlorite, white mica, and Fe oxides developed at the expense of biotite, and albite ϩ sericite aggregates at the expense of plagioclase. Generally, the andesites are leucocratic and weakly vesicular, and there are also some horizons of dacitic tuff. The andesites contain abundant plagioclase and quartz phenocrysts and minor biotite and rare K-feldspar fragments.
In the Sarrabus tectonic unit, sparse tabular bodies, intruded into the Cambro-Ordovician succession, are characterized by porphyritic textures with plagioclase, biotite, and embayed quartz phenocrysts set in a fine-grained groundmass that has been partly recrystallized to muscovite, chlorite, albite, and aggregates of Fe oxides. Dacitic and rhyolitic ignimbrites have porphyritic textures with embayed quartz, K-feldspar, and plagioclase, as well as biotite in the dacitic ignimbrites. The welded eutaxitic matrix of the ignimbrites includes pumice fragments recrystallized to sericite, devitrified glass shards, chalcedony-filled amygdales, quartz, albite, and aggregates of mica.
Upper Ordovician-Silurian (440 Ma) Basic-Intermediate Volcanism.In the external nappes, dykes and sills embedded within the transgressive Upper Ordovician sequence are characterized by subrounded quartz and subordinate plagioclase phenocrysts set in a fine-grained quartzo-feldspathic groundmass. Chlorite forms pseudomorphs after biotite. Locally, the rocks have been fractured and cemented by a network of calcite veins. Alkali basalt dykes cut across the pre-Sardic sequence; these were inferred to be the feeder dykes of the Upper Ordovician volcanism . The dykes display intersertal to porphyritic textures with plagioclase phenocrysts. Skeletal ilmenite and apatite occur, titano-magnetite has replaced ilmenite, and mafic phases and the groundmass are altered to chlorite, epidote, and Fe oxides. In the outermost unit (the Sarrabus Unit), plagioclase-bearing (An 45-48 ) pillow lavas contain olivine microphenocrysts preserving the pristine mesh texture that are replaced by chlorite, diopside that is rimmed by hornblende and ilmenite, and a glassy to fine-grained intersertal groundmass with sparse calcite-filled vacuoles. Fibrous blue-green amphibole develops in the outer shell of the pillows and in fractures and veins. The pillow lavas are in contact with metamorphic strata that are spotted as a result of a pre-Variscan thermal overprint. The spots were probably andalusite originally but are now stilpnomelane.
In the internal nappes, the Ordovician succession in the Canaglia Unit is cut by meter-thick sills of hornblende-gabbro ( fig. 3C ), in part reequilibrated under the greenschist facies. The sills show orthocumulus textures, with euhedral seriate plagioclase and accessory Fe oxides with intercumulus hornblende. The coarser plagioclase grains are broken and sutured by newly precipitated feldspar or bent, thus providing evidence of a syn-magmatic deformation. Plagioclase-rich diorite veins cut the gabbro body.
Geochemistry of the Volcanic Suites
Analytical Methods. Forty-four rock samples were collected from the tectonic units described above, and they were selected to represent different occurrences and timing of events. The samples were analyzed for major and trace elements using the X-ray fluorescence facilities at SGS Laboratories. Loss on ignition was determined with the gravimetric method. The rare earth elements (REEs) were analyzed using inductively coupled plasma mass spectrometry at SGS Laboratories. The bulkrock compositions for Sardinian volcanic rocks of Early, Middle, and Upper Ordovician ages are included in the repository data.
Twenty-seven of the rock samples were selected and analyzed for Sr and Nd isotopes at the Geochemistry Laboratory of Trieste University. Samples were dissolved in Teflon vials for isotopic analysis using a mixture of purified HF-HNO 3 and HCl reagents. Sr and Nd were collected after ion exchange and reversed-phase chromatography, respectively; the total blank for Sr was !20 pg. The Sr and Nd isotopic compositions were obtained using a VG 54E mass spectrometer and Analyst software (Ludwig 1994) ), and no corrections were applied 0.00002 n p 10 to the measured data for instrumental bias. The reported errors represent the 95% confidence level.
Geochemical Features of the Volcanic Products. In determining the pristine chemistry of an altered igneous rock, it is important to consider the possibility of chemical transformations that resulted from contact with the host metasedimentary rocks or from early diagenetic processes, especially in effusive rocks. In addition, the effects of element mobility during tectonism and metamorphism (which here includes pumpellyite to amphibolite facies overprints) have been considered. Primary compositional heterogeneities, observed in textures and the modal distribution of minerals, were avoided in sampling, as well as the occurrence of carbonates and hydrous phases, which indicate fluid-induced modifications. Nevertheless, meso-and microscopic observations generally enable the correlation of mineral phases and bulk rock compositions. The samples analyzed were selected with these points in mind, but caution is still required when interpreting the data. Late Cambrian-Early Ordovician Volcanism. The Early Ordovician metavolcanic rocks are mainly silicic (52.4-84.1 wt% SiO 2 on an anhydrous basis) and are weakly to strongly peraluminous with an aluminium saturation index (ASI p (Al/Ca Ϫ 1.67)(P ϩ Na ϩ K); Zen 1988) in the range 1.1-3.4. The nature of their protolith is indicated by using a Zr/TiO 2 versus Nb/Y classification diagram (Winchester and Floyd 1977;  fig. 3A ), where the data define a mildly alkaline trend. The lava flows consist of subalkalic basalt, dacite, trachyandesite, trachyte, and comendite. The ignimbrites have rhyolitic and comenditic trachyte compositions (Al 2 O 3 vs. FeO tot ; Macdonald et al. 1974) , whereas the pyroclastic fall deposits are trachyandesitic. Overall, they define linear fractionation trends with negative correlations of TiO 2 , Al 2 O 3 , K 2 O, and Rb with SiO 2 (fig. 4) . The scatter for K 2 O suggests that mica is the major component of the fractionating assemblage, because of the generally incompatible behavior of Rb in K-feldspar within peraluminous melts (Icenhower and London 1996) .
Most lava flows and ignimbrites are characterized by a slight fractionation of light REEs (LREEs; La CN /Sm CN p 1.14-6.71) and negative Eu anomalies, which become more pronounced toward evolved compositions ( fig. 5A ). In trachyandesitic pyroclastic rocks and trachyte lava, the negative Eu anomaly is absent, and there is significant heavy REE (HREE) fractionation (Gd CN /Yb CN p 0.67-14.31). The positive correlation of REE with SiO 2 suggests minor fractionation of REE-rich accessory phases.
In the primitive mantle-normalized multielement diagram, the trace element patterns of the In the primitive mantle-normalized multielement diagram, the trace element patterns show enrichment in LILEs and LREEs, associated with LILE/HFSE and LREE/HREE fractionation, and TaNb, Sr, P, and Ti troughs ( fig. 6B ). Andesitic tuffs are the least LILE enriched.
Upper Ordovician-Silurian Volcanism. The Upper Ordovician lava flows, sills, and dykes are mostly alkali basalt, but there are also some trachyandesite pillow lavas ( fig. 3C) nopyroxene fractionation, while negligible Eu anomalies could be produced by equal proportions of plagioclase and hornblende/clinopyroxene fractional crystallization (Hanson 1980) . However, the primary composition of the 440-Ma metavolcanic rocks could have been affected by element mobilization during metamorphism or, to some extent, during weathering, as indicated by petrography and loss on ignition values up to 10%. Weathering could affect the concentration of the most incompatible elements (e.g., Rb, Ba, and K), which are known to be mobile under surface alteration. This possibility is indicated for alkalibasalts, which display a considerable scatter of LILEs in the primitive mantle-normalized multielement diagram ( fig. 6C ). The patterns reveal mainly Rb and K troughs relative to Ba and Th (however, Rb and K enrichments are observed in samples ORD32 and ORD44). In general, there is an overall Ta and Nb enrichment relative to La, a fractionation between LREEs and HREEs, and a negative Sr anomaly (except for sample ORD42).
Trachyandesite and dacite lavas have REE abundances that lie within the range for alkali basalts Figure 7 . Early, Middle, and Upper Ordovician mafic volcanics from Sardinia plotted on the Zr-Nb-Y discrimination diagram (Meschede 1986 ). A1, within-plate alkali basalts; A2, within-plate alkali basalts and within-plate tholeiites; B, E-type mid-ocean ridge basalt (MORB); C, within-plate tholeiites and volcanic-arc basalts; D, N-MORB and volcanic arc basalts.
with negative Eu anomalies (∼0.56-0.59), but sample B8 has an almost flat REE pattern (La CN /Sm CN p 1.2). The lavas are depleted in Ba, Nb, Sr, P, and Ti in the primitive mantle-normalized multielement diagram, while sample B8 shows Hf and Zr enrichments relative to LREEs and a positive Sr anomaly.
Tracking the Sources
Late Cambrian-Early Ordovician Volcanism. Because of their very low Mg# values (20-14) and low Ni (∼45 ppm) and Cr contents (∼147 ppm), the Early Ordovician subalkali-basalts cannot be considered as primitive melts.
In the Early Ordovician volcanites, the Nb/Ta ratio approaches 11, representative of crustalderived magmas (Green 1995) . Overall, the patterns in figure 6 compare favorably with the middle crust from rifted continental margins (Rudnick and Fountain 1995) . The high Th/Ta (11.5) and La/Nb (3.39) values suggest a significant contamination by the upper continental crust rather than melting at middle-crustal levels, although this possibility cannot be ruled out entirely. However, the Zr-Nb-Y relationships indicate an enriched mantle source, although compositions with CaO ϩ MgO exceeding 12-20 wt% are to be considered with caution in the discriminant diagram of Meschede (1986;  fig.  7 ).
The Nb negative anomaly, typical of subalkalic basalts in multielement diagrams ( fig. 8 ), is considered to indicate subduction-related magmas (e.g., Pearce 1983 ), but it is also found in many continental flood basalts. The intermediate compositions (dacite, trachyandesite, and trachyte) have lower contents of Ta and Nb, corresponding to contamination by-or anatexis in-the middlelower continental crust, where their abundances are lower than in upper crust and MORB (Weaver and Tarney 1984) . High-silica rocks reveal LILE, Ta, and Nb enrichment (relative to HFSEs) in the ocean ridge granite-normalized multielement diagram ( fig. 8A ), and this is probably evidence of contamination in the upper crust. The Th/Ta ratios in the felsic volcanics are generally lower than those in magmas from active continental margins (Gorton and Schandl 2000) , and there is a considerable overlap with the within-plate volcanic zones field ( fig.  9 ). The strong HREE depletion and high values of Ce/Yb and Nb/Y in the trachyandesitic pyroclastic rocks and trachyte lava are consistent with small melt fractions and/or a melt fraction in equilibrium with a garnet residuum, possibly derived from a lower-crustal source.
Middle Ordovician Volcanism. The Middle Ordovician volcanic rocks in both the internal and external Variscan tectonic units consist of intermediate to fractionated rhyolitic compositions. The andesites are characterized by higher Mg# values and lower Ni and Cr contents than the Early Ordovician subalkalic basalts, consistent with a subalkalic calc-alkalic affinity. HFSE (La, Ce, Hf, Th, Zr, and Sm) enrichments are evident, when compared with the primitive mantle normalization, and this confirms a crustal contribution; however, although LILEs (Rb, K) are generally enriched, they can also be affected by secondary mobilizations. Most significantly, the Th/Ta and Zr-Nb-Y relationships within the Middle Ordovician effusives are indicative of arc volcanic rocks and, in particular, with arc rocks from an active continental margin (figs. 7, 9).
Upper Ordovician-Silurian Volcanism. The alkali basalts have low Th/Ta ratios in the range 1-2 and Ta/Yb ratios that are !2, in the field of within-plate volcanism. La/Nb values that are !1 in primitive mantle-normalized within-plate basalts compositions have been interpreted as related to (1) an "orogenic" component, possibly a hydrous metasomatized mantle that preserved a record of older subduction events (Cabanis and Thieblemont 1988; Cabanis et al. 1990 ), or (2) the involvement of lower continental crust (Innocent et al. 1994) or some segments of the continental lithospheric mantle (Hooper and Hawkesworth 1993, and Sr 490 Ma p 0.71169) and the Nd isotope fingerprint for one Early Ordovician dacite lava (corresponding to an Nd 490 Ma value of -6.54) provide evidence for a role of lower crust in the source region, alternatively (1) a single stage mantle melt and fractional crystallization or (2) a mixing of primary basaltic melts issued from the mantle with some amounts of remelted material either from the crust or at earlier phases of magmatism. The high radiogenic 87 Sr content could imply a time-integrated LREE-enriched source, consistent with the anatexis of a metasedimentary component. The latter could be a Cadomian basement, which is well known in the hinterland of Corsica (Barca et al. 1996; Rossi et al. 2009 ), felsic granulites from the European Variscides (Liew and Hofmann 1988) , or crustal contamination of mantle-derived magmas ( fig. A2 , available in the online edition or from the Journal of Geology office). In effect, the data match the isotopic data reported by Pin and Marini (1993) Crustal residency ages, indicated by Nd model age data, suggest that (1) this continental block underwent orogenesis at 1.0 and 1.4-1.6 Ga, incorporating crustal components from different source areas, or (2) there was a juxtaposition of Mesoproterozoic crust above a Neoproterozoic subcontinental mantle lithosphere .
The similar Nd isotopic compositions of the Early and Middle Ordovician dacite lavas should be considered as an inherited feature that resulted from the repeated extraction of melts from a common basement source (T DM p 1.4-1.6 Ga). This interpretation is supported by the population of Neoproterozoic inherited zircons, which is conspicuous in the Early Ordovician felsic volcanic rocks but less so in the Middle Ordovician andesites .
According to the Nd ratio of . In spite of the uncertainty, the 0.51221 ‫ע‬ 0.00052 closeness of this value to Ma suggests 440 ‫ע‬ 1.7 that the Sm-Nd isotope system has not been deeply perturbed since the crystallization of the magmas.
The Nd values for the alkali basalts (calculated for Ma) range from ϩ1.60 to ϩ4.14, reflectt p 440 ing an origin in a depleted mantle source, while the 
Discussion
According to von Raumer and Stampfli (2008) , the northward dispersal of crustal blocks derived from the North Gondwana margin occurred between the Late Cambrian and Devonian under a variety of kinematic regimes, including local back-arc spread-ing, intracontinental rifting, and even the spreading of a mid-ocean ridge (e.g., in the Chamrousse area of the western Alps).
Late Cambrian-Early Ordovician. It is widely reported that Late Cambrian-Early Ordovician bimodal magmatism within terrigenous and carbonate shelf deposits is related to the diachronous northward rifting-to-drifting of microplates from the western (ca. 500 Ma, Avalonian terranes) to the eastern Gondwana margins (ca. 460 Ma, Hun and Galatian terranes; e.g., Carmignani et al. 1994; Stampfli et al. 2002; Sá nchez-García et al. 2003; Etxebarria et al. 2006; Murphy et al. 2006; Montero et al. 2007; Pin et al. 2007; Castiñ eiras et al. 2011; Chichorro et al. 2008 ).
In the French Massif Central, the Late CambrianLower Ordovician volcanic rocks are the protoliths of the leptynite-amphibolite complexes (487-478 Ma; Pin and Lancelot 1982) . In the Bohemian massif, Pin et al. (2007) reported a 500-Ma bimodal suite that is referred to as anorogenic, supposedly related to extension along the margin of North Gondwana, although no oceanic lithosphere was generated. In Iberia, rhyolitic to dacitic tuffs and later alkaline basaltic lava flows with ages of 515-490 Ma (Ossa Morena Zone and Iberian Chain; Á lvaro et al. 2008; Chichorro et al. 2008 ) match both the ages and the signatures of the "pre-Sardic phase" volcanic rocks of the Sardinia nappe zone. Because of their subalkaline to alkaline signatures and the association with terrigenous sedimentation, an ensialic rift environment preliminary to oceanization has been inferred (Sá nchez-García et al. 2003; Etxebarria et al. 2006; Chichorro et al. 2008) . Díez Montes et al. (2010) referred the Ollo de Sapo volcanic rocks to an incipient rift that evolved by the necking and crustal-scale boudinage of the wide passive margin of North Gondwana. Mafic magmas that intrude or underplate the lower crust were proposed as heat sources for crustal melting.
The occurrence of pre-Sardic Late CambrianEarly Ordovician volcanic rocks in Sardinia suggests the following possible scenarios: (1) a continental volcanic arc that lasted from the Upper Cambrian to the Middle Ordovician and that can be related to the subduction of a proto-Tethyan oceanic crust beneath the northern peripheries of Gondwana, (2) a back-arc region that was subjected to extension (e.g., Iberia; Ferná ndez et al. 2008) , (3) an aborted rifting stage during the Late Cambrian, and (4) the onset of a passive volcanic margin (e.g., the Cameroon line ; Fitton 1987 ) that preceded the calc-alkaline, subduction-related, Middle Ordovician suite. Felsic and mafic volcanic activities highlight an ongoing extension along the northern marginal areas of Gondwana during the Early Ordovician.
There exists uncertainty in terms of correlating the stratigraphic and timing relationships of volcanic events in the pre-Sardic succession of Sardinia with the Armorican (Ballè vre et al. 2009 ) or Iberian domains (Ló pez-Guijarro et al. 2008 . Overall, the different domains of Late Cambrian-Early Ordovician volcanism seem to retain distinctive geochemical features.
Taken together, the geochemical and isotopic data for the felsic volcanics suggest (1) an origin by anatexis of a crustal source, probably as small melt fractions and/or with a garnet control (i.e., thick lithosphere). However, in the alternative of (2) remelting in the crust and mixing, the melt fraction can vary over a wide range, and metamorphic garnet can occur in the crustal source region without need of an unusual thick lithosphere. Afterward, the transition from early felsic to later more mafic magmatism points to the gradual opening of the system. The middle-crustal signature of the subalkalic basalts could be produced by crustal melting fed by the intrusion of small batches of hot magma from the mantle, probably linked to the onset of a volcanic passive margin.
The structural style of the Cambro-Ordovician rift at upper-crustal and syn-rift sedimentary levels as well as the geochemical signature of the volcanic rocks suggests the lithosphere was relatively thick and cold at depth. However, the volumes of the intrusive and effusive volcanic rocks are much smaller than those found in present-day volcanic passive margins (e.g., Tsikalas et al. 2008; Hirsch et al. 2009; Voss et al. 2009 ). Therefore, the overall tectonic setting of the Cambro-Ordovician rift in Sardinia better fits the features of an aborted rift. In general, it seems that a diversity of geological settings existed along the North Gondwana margin at the time of the Cambrian-Ordovician boundary.
Mid-Ordovician. The conspicuous Mid-Ordovician Andean-type arc volcanism, which marks the onset of subduction beneath the southern Rheic margin after the Lower Ordovician (Carmignani et al. 1994) , ceased in the Upper Ordovician. This subalkalic calc-alkalic suite developed after the Sardic phase, which is widespread over all the external nappes but absent in the internal nappes and in the foreland, can be bracketed stratigraphically between the Floian and the Katian. In fact, in the external nappes, the volcanism formerly ascribed to the Middle Ordovician cycle has been recently reassessed as Early Ordovician ( and 486 ‫ע‬ 1.2 (Pin and Marini 1993) are reported. Lodè and Golfo Aranci orthogneisses (Di Vincenzo et al. 1996) are reported to be similar to the Middle Ordovician volcanic rocks.
Ma; Oggiano et al. 2010 ). In the internal 479.9 ‫ע‬ 2.1 nappes, volcanic rocks may possibly have been the protoliths of the migmatites, as inferred by Cruciani et al. (2001 Cruciani et al. ( , 2008 . The lack of Middle Ordovician volcanic rocks in the foreland suggests that the this region acted as an Andean-type backarc, which experienced only continental clastic sedimentation and which was subjected to constant uplift and renewal of relief as a result of faulting (Martini et al. 1992) . The distribution of Middle Ordovician volcanic products is restricted to the external nappes, where mostly felsic and intermediate products occur.
Late Ordovician. Late Ordovician-Early Silurian mafic lavas, sills (Lehman 1975; Ricci and Sabatini 1978; Oggiano and Mameli 2006) , and their feeder dykes ) have been described and dated et al. (1992) have described the field relationships, petrography, and elemental geochemistry. These rocks were inferred to be of Lower Carboniferous age . The bulk compositions of the mafic lavas, sills, and dykes are homogeneous, thus supporting the concept of a common volcanic event that overprinted the internal and external nappes at the time of the Ordovician-Silurian boundary. By analogy with modern equivalents of postorogenic volcanism, an origin by partial melting at minimum temperatures could be envisaged.
However, the geochemical data for the Upper Ordovician alkalic suite in Sardinia suggest a continental rift geodynamic setting, most probably an early phase of the major rifting event that led to expansion of the Paleotethys. Nevertheless, a reconstruction along the northeastern Gondwana margin (von Raumer and Stampfli 2008; Rossi et al. 2009 ) at this time points to back-arc spreading. We consider that the radiometric, geochemical, and isotopic data for contiguous terranes along the North Gondwana margin suggest a variety of geodynamic settings rather than one continuous extensional regime related to the opening of the Rheic or the Rheic and Paleotethys oceans in this region during the Ordovician and Silurian.
Concluding Remarks
The new data presented here on pre-Variscan volcanic rocks of Sardinia improve our understanding of the geodynamic setting of the North Gondwana margin before the Variscan collision within the Southern Variscan Realm. In fact, despite good exposures, the Sardinian segment of the Variscan chain has barely been considered in reconstructions of the Variscan orogeny since the first attempts of Carmignani et al. (1994) . Broadly speaking, previous reconstructions of the South Variscan Branch have envisaged a complex pattern of local back-arc basins or intracontinental rifts during the Early Cambrian, followed by Upper Cambrian-Early Ordovician closure (von Raumer and Stampfli 2008) . However, these scenarios do not match the geological evolution of Sardinia, as indicated by its volcanic activity. In fact, the following are the main findings indicated by the geochemistry of the volcanic rocks and their spatial and temporal relationships ( fig. 11 ):
1. In Sardinia, the mildly alkaline, pre-Sardic volcanic activity represents an intracontinental extensional setting such as a rift. This rifting is coeval with the breakup that led to the opening of the Rheic Ocean and the drift of Avalonia to the west of Sardinia crust, which did not propagate to this part of the North Gondwana margin. There is no evidence in the Late Cambrian-Early Ordovician volcanic rocks for the convergence that started later in the Middle Ordovician.
2. During the Middle Ordovician, the Sardinian crust experienced arc volcanism that is well constrained by geochronology, geochemistry, and field evidence. This volcanism differed from the largescale, extension-related volcanic activity (reported elsewhere from North Gondwana) that led to the opening of the Paleotethys at the same time as the eastern Gondwana margin experienced the start of the drift of the future Hun superterrane.
3. The Upper Ordovician-Early Silurian metabasalts show unquestionable alkaline signatures that constrain the onset of an important period of Figure 11 . Schematic palinspastic reconstruction of the possible evolution of northern Gondwana between the early and middle Paleozoic, as inferred from geochemical and geological evidence in Sardinia.
rift dynamics along the North Gondwana margin. If this rift had led to the detachment of the Armorica Terrane Assemblage or Galatian from North Gondwana, the onset of the drift of terranes should have occurred in the Early Silurian, possibly driven by slab retreat after an aborted rifting episode at the Late Cambrian-Early Ordovician boundary, and after the onset of oceanic (Rheic) subduction beneath the North Gondwana margin in the Middle Ordovician ( fig. 11 ). It has yet to be established whether the expanding oceanic basin and consequent latitudinal gap between the shelves of Gondwana and the Armorica Terrane Assemblage were wide enough to support faunal and/or climatic differentiation. Assuming the average spreading rates of present-day back-arc basins and oceanic rifts, North Gondwana and its detached terranes-at least those involved in the Southern Variscan Realm-display similar climatic environments and must be set at high latitudes until the Early Silurian. Although paleomagnetic data are scant and debated when available (Robardet 2003) , the Ordovician-Silurian diamictite of glacio-marine origin of Sardinia (Oggiano and Mameli 2006) provide the lithostratigraphic evidence of eustatic emergence, fit in well with the glacio-eustatic record of North Gondwana (Loi et al. 2010) , and are comparable with the coeval glacial deposits of Brittany (Piç arra et al. 2002) , Corsica (Barca et al. 1996) , Cantabria (Gutié rrez-Marco et al. 2010) , and Thuringia (Erdtmann 1991) . All these crustal sectors are related to the Armorica Terrane Assemblage, which detached from Gondwana and were accreted on Laurussia. 
